Abstract-Oscillations in the alpha (8-12 Hz), beta (15-35 Hz) and gamma (35-60 Hz) frequency bands are commonly observed in recordings from the primary motor cortex. Coherence analysis based on motor unit spike trains is commonly used to quantify the degree of shared cortical input and the common modulation of motor unit discharge rates between muscles. In this study, intra-muscular coherence is used to investigate the alterations in the neural drive to the First Dorsal Interosseous muscle directly after a fatiguing contraction and following a rest period. An increase in coherence was observed for all frequency bands examined, which was statistically significant within the alpha and beta frequency ranges. There was no consistent difference between the coherence estimates obtained pre-fatigue and those reported after the recovery period. The increase in beta band coherence post-fatigue may indicate increased levels of cortical drive to the motor unit pool.
I. INTRODUCTION
The transmission of cortical inputs to the motor neuron pool is often quantified by the magnitude of the frequencydomain coherence between oscillations in the primary motor cortex and those detected in the electromyogram (EMG). EMG coherence has been used to examine disruptions to corticomuscular coupling that occur in pathological disorders such as Parkinson's disease, stroke and tremor [1] . The strength of the corticospinal drive has also been shown to vary when afferent feedback from the motor unit pool is altered in healthy subjects, during fatiguing contractions [2] , under ischemic conditions , or with induced vibrations [3, 4] .
The presence of corticomuscular coherence indicates that the neural drive to the motor unit (MU) population is in part projected linearly to the output spike trains. A common neural input to the MU pool can manifest as correlations between the discharge rates of individual units. Coherence analysis obtained from the firing times of concurrently active motor units has been used to quantify the shared cortical input and common modulation of motor unit discharge rates, both within and across muscles [5, 6] . Oscillations in the alpha (8) (9) (10) (11) (12) , beta (15- corticomuscular and inter-muscular coherence are consistently reported during sustained contractions [6, 7] . It is likely that beta-band coherence is primarily driven by efferent supraspinal structures, as it is reduced after stroke and complete spinal cord injury in patients [6, 8] and returns with the recovery of function after partial spinal cord injury [9] . In contrast, although it may involve a central component [10] , alpha-band coherence has been reported to persist after complete spinal cord lesions [8] . Alpha band coherence thus appears to be dominated by spinal mechanisms [11] and afferent activity in mechanical and reflex loop resonances.
Several recent studies have shown an increase in lowfrequency (<15 Hz) EMG-EMG coherence between synergistic muscles throughout a fatiguing contraction [12] [13] [14] [15] . Motor unit synchronization, which is associated with beta band coherence [5, 6, 16] , has also been reported to increase with fatigue [17] and potentially serves as a means of maintaining a stable force output.
Fatigue-related increases in coherence in beta (15-35 Hz) and gamma (35-60 Hz) frequency bands have been demonstrated between magnetoencephalogram (MEG) and EMG of the forearm [2] and between inter-muscular EMG of the hand [13, 14] . However, alterations to coherent activity within a single muscle following fatigue have not yet been investigated. The aim of this study is to use MU firing trains to estimate the changes in intra-muscular coherence that occur as a result of fatigue in the First Dorsal Interosseous (FDI).
II. METHODS

A. Experimental Procedure
Written informed consent and ethical approval was obtained for fifteen healthy subjects (7 male, 8 female) to examine force and EMG activity of the FDI muscle during isometric abduction of the right index finger. Index finger flexion was measured using a six degrees-of-freedom load cell (ATI, Inc., 3226) with visual feedback of force provided to the subject. Surface EMG (sEMG) was recorded from the FDI using a surface sensor array (Delsys, Inc.). The maximum voluntary contraction (MVC) of the FDI muscle was recorded. Following this, the subjects were asked to perform a series of six isometric voluntary contractions in which they followed a trapezoidal force trajectory to provide a pre-fatigue baseline. The trapezoidal trajectory contained 5 segments: a 3 s quiescent period an up-ramp increasing at a rate of 10% MVC/s, a constant force of 20% MVC for 10 s, a down-ramp decreasing at 10% MVC/s, and a final 3 s quiescent period. A sustained isometric contraction was then performed at 30% MVC to task failure in order to induce fatigue. A single MVC was performed directly following task failure, followed by six post-fatigue trapezoidal force trajectories at 20% of the pre-fatigue MVC. After a 10-minute recovery period four more trajectories (20% MVC) were performed. A final maximum voluntary contraction was recorded following the recovery trials.
B. Data Analysis
Surface EMG signals with a peak to peak baseline noise < 20 μV and signal to noise ratio > 5 were selected for further analysis. The EMG decomposition system (Delsys, Inc.) was used to extract discriminable MU and decompose the MU firing times from the surface signal. Detailed information for the decomposition algorithms is described in Nawab et al. (2010) [18] . Spike triggered averaging of the sEMG was performed to characterize the MU waveform recorded from the surface electrodes. Two separate reliability tests were performed using the procedure outlined in [19] to determine which decomposed motor unit action potential spike trains would be retained for further analysis.
The maximum number of MU spike trains available across all accepted trials and conditions for each subject was used in the coherence calculations. Motor unit spike trains were selected randomly for further analysis from trials that contained more than the chosen number of motor units for that subject. This ensured an equal sample of MU firing trains was present over all conditions. The firing trains from multiple trials were pooled together for each condition, with the same number of trials analyzed per condition.
The pooled motor unit trains were then divided into two groups, and the firing instances in each group were summed to obtain two composite spike trains (Fig. 1) . A pair of composite spike trains was obtained for every available combination of two groups from the pooled MU set. For each subject, there was a representative MU set per condition and the number of paired combinations obtained from this set was constant across pre-fatigue, post-fatigue and recovery conditions.
The magnitude squared coherence (1) was calculated for each pair of composite firing trains, and , as a function of their power spectral densities (P xx (f) and P yy (f)) and cross power spectral density (P xy (f)).
The level at which the coherence estimate was considered significant for overlapping windows at 75% was calculated using the equation for overlapping segments with taper [20] , which employs a weighting factor dependent on overlap and the significance was set to a 95% confidence interval. The coherence estimate was defined as the integral of the area under the coherence peaks above threshold. Coherence estimates were obtained for the alpha (8-12 Hz), beta (15-30Hz) and gamma bands (30-60Hz) for three conditions, prefatigue, post-fatigue and following a recovery period.
A coherence value was obtained for each combination of composite MU trains, resulting in multiple estimates per condition. The pre-fatigue coherence estimates were standardized to have zero mean and unit variance. Postfatigue and recovery coherence estimates were then scaled using the pre-fatigue mean and variance for that subject.
A one-way within-subjects (or repeated measure) analysis of variance (ANOVA) was conducted to compare the effect of condition on the median coherence reported at each frequency band across subjects. Mauchly's Test of Sphericity was implemented to check the assumption of sphericity, and if violated, a Greenhouse-Geisser correction was applied to the data. Post hoc tests to examine pairwise differences between conditions were conducted using the Fisher's Least Significant Difference (LSD) test.
III. RESULTS
Within each condition pre-fatigue, post-fatigue and after the recovery period, 80.9% (926 of 1144 MUs), 78% (816 of 1040 MUs) and 79.6% (876 of 1100 MUs) were accepted respectively. Over all conditions, 77% of decomposed MUs met the criteria to be accepted for further analysis. Changes to subject MVC across condition were analyzed with an ANOVA before and after the sustained isometric 30% MVC fatiguing contraction to task failure (196.8 ± 55 seconds). The results show that there was a significant reduction in subject MVC between pre-and post-fatigue conditions (54.15 ± 11.53 N to 30.43 ± 13.36 N, respectively, p < .0001). The median subject MVC failed to recover after the period of rest and remained significantly depressed (42.75 ± 16.75 N, p < .001) compared to initial pre-fatigue values, though still higher than MVCs recorded directly post-fatigue (p < 0.005).
An increase in the median coherence, estimated from the combined trials for each condition, was observed for the alpha and beta frequency bands following the fatiguing contraction for all but one subject in both cases. The highest coherence across motor unit combinations in each condition is displayed in Fig. 2 for a representative subject. The mean Repeated measures ANOVAs revealed a significant effect of condition on alpha and beta band coherence (F (2, 28) = 40.3, p < .0001 and F (2, 28) = 25.2, p < .0001 respectively). From pre-fatigue to post-fatigue conditions median coherence increased significantly in both the alpha (5.75± 3.5 to 11.9 ± 4.1, p < .0001) and beta (16.3± 7.2 to 28.02 ± 9.2 , p < .0001) frequency ranges. Following the recovery period, median coherence decreased significantly (p<.0001, both) and neither alpha nor beta bands exhibited a statistical difference from coherence estimates obtained pre-fatigue (5.1 ± 2.8, p=.38 and 14.2 ± 6.1 p =.26). The changes in gamma frequency coherence did not exhibit a statistically significant effect of condition (F (1.4, 19.7) = 3.8, p = .053), with only 7 subjects reporting an increase in coherence post-fatigue.
IV. DISCUSSION
The significant increase in beta band motor unit coherence observed after isometric fatigue supports similar observations in the EMG-EMG coherence between synergistic hand muscles [13, 14] . This study further extends these results by demonstrating the presence of coherent motor activity within the same muscle. The use of composite spike trains comprised of multiple motor unit firing times may improve upon the accuracy of pairwise motor unit coherence estimates implemented in previous studies, by effectively sampling weaker cortical input at a higher rate. This technique has been previously applied to examine corticomuscular coherence [21] , but has not yet been used to investigate coherence between motor units within the same muscle. The implementation of MU coherence limits sources of variability present in sEMG coherence that are unrelated to muscle activity, such as electrode placement and differences in action potential shapes [22] . In addition, the recording technique employed avoids the issue of spurious coherence generated through cross-talk between muscles. Cross-talk can affect the accuracy of interpreting sEMG coherence as a direct reflection of common cortical drive [23] .
The presence of fatigue also resulted in a significant increase in alpha frequency coherence. Previous studies have found alpha band corticomuscular coupling may arise partially through the reflection of muscle activity in the contralateral sensorimotor cortex via proprioceptive afferents, and is not solely due to descending cortical drive [11] . The contribution of afferent feedback has been further demonstrated by the increase in alpha band corticomuscular coherence observed when tremor is mechanically induced in the biceps of healthy subjects [4] . It is possible that the increase in physiological tremor with fatigue enhances the afferent activity of the muscle spindle feedback loop to the extent that it overwhelms neural mechanisms that would minimize oscillations and decorrelate alpha band activity in motoneuron firing under normal conditions. Fluctuations in force may be further accentuated by the increase in broadband coherence observed post fatigue [24] . Low frequency components (<12 Hz) exhibit a particularly prominent effect on physiological tremor due to the low-pass filtering effect of the muscle [25] .
An increase in coherence following fatigue was consistent across subjects for the alpha and beta bands; however there was a high variation in the coherence estimates obtained for each individual. The variability may be due to limitations of coherence as an accurate reflection of shared motoneuronal inputs, intrinsic differences in corticomuscular coupling among individuals, or a combination of both. High intersubject variability was reported for coupling in the gamma band, which increased in approximately half the subjects after fatigue and recovered in varying amounts.
Oscillations in the gamma band are typically detected during strong voluntary contractions [26] . The target force of 20% of the maximum voluntary force measured in the unfatigued muscle is likely to represent a higher percentage of the maximum force capability in the muscle following the fatiguing contraction. It is therefore possible that alterations in gamma band coherence post-fatigue were related to the degree of impairment in muscle force. Subjects with a higher level of fatigue and lower force generating capacity may have required a larger increase in neuromuscular drive to maintain the target level. There was no correlation between the reduction in MVC post-fatigue and alterations in gamma band coherence, however this may be due to the imprecision involved in using MVC as a measure of force deficit. Alternatively, some subjects may employ visual attention and motor planning to a greater extent after fatigue, both of which have been associated with gamma oscillations [26] .
It is still unclear whether increased coherence with fatigue has a functional role or simply reflects changes in cortical or other neural firing patterns. Alterations to shared common inputs to the motoneuron pool during fatigue could also impair motor unit coherence estimates, reducing the transmission efficacy of the input without any underlying change in the cortical drive [11] . If the change in coherence reflects an underlying increase in synchronous cortical drive, it may occur as a compensatory mechanism. There is evidence to suggest that synchronized neural inputs are more effective at recruiting motoneurons [27] . Thus an increase in coherence could serve to overcome reduced motoneuron excitability and increase recruitment after fatigue [28] . It has also been suggested that synchronization of motor-unit firing rates acts to co-ordinate the activity of multiple muscles to more effectively maintain a force output [16] . This is unlikely to account for the increased coherence observed in the current study, with the FDI supplying 93% of index finger abduction force [29] .
V. CONCLUSION
In this study, the coherence between composite pulse trains, comprised of firing times of multiple MUs within the same muscle, was examined. A significant increase was observed in coherent muscle activity in the alpha and beta frequency ranges, which decreased following a period of rest. If there is a functional significance behind the observed increase in coherent activity, it may exist in order to increase binding across sensorimotor elements or to overcome reduced excitability in the motoneuron pool to compensate for the decline in the force generating capacity with fatigue.
